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There are five operating modes in this HVAC system, including three conditioning modes 158 and two PVT modes, which are controlled through the BMCS specifically designed for the 159 house. 160
Conditioning modes 161
Depending on the indoor conditions, the system can either work in the 'natural ventilation' 162 mode through automatically controlling the opening of the high-level windows, or work in 163 the mechanical heating mode or mechanical cooling mode. Selection of the three 164 conditioning modes is determined based on the measured indoor and outdoor conditions. 165
In the mechanical heating and cooling modes, the system can operate in three different sub-166
modes, i.e. Direct Photovoltaic-Thermal Supply, Supply Air Preconditioned through Phase 167
Change Material, and Normal Heating and Cooling Mode. 168
PVT modes 169
If there is no interfering operating mode activated, the system can operate in two other 170 modes, including PCM Charging and PVT Exhaust. A detailed description of the operating 171 a) b)
Automated highlevel windows modes for the HVAC system can be found in [26] . The mode of PVT Exhaust is not 172 considered in this study. 173
BMCS Description and System Integration 174
The control system of the Illawarra Flame house was designed to accommodate the 175 objectives and constraints of the overall project, capable of controlling lighting systems, 176 operable windows and the complex HVAC system. The BMCS system designed is also to be 177 capable of monitoring temperatures, energy consumption, electricity generation and flow 178 rates, and can effectively report this information to the user via a graphical interface. For 179 sourcing and project sponsoring reasons, the Australian manufacturer and supplier Clipsal, 180
and its proprietary building management and control system C-Bus were used in the project. 
Control Chain Structure 200
Given the complexity of the problem to be solved, the HMPC control strategy was divided 201 into a high-level HMPC controller and multiple low-level HMPC controllers. The 202 information collected from the weather station is used for the weather forecast and the 203 prediction of the future PVT outlet temperature and its potential useful thermal generation 204 together with the system states, which are then used to compute the optimal control action 205 generated by the HMPC. The first set of actions from the optimal control sequence is then 206 sent to the BMCS to control the individual components and HVAC equipment. 207
The objective of the high-level HMPC is to compute the optimal sequence of the operating 208 modes, using a control step of 1 hour and a prediction horizon of 24 hours. 209 
States, disturbances, weather forecast, PVT temperatures forecast
PCM Charging management
Once the high-level HMPC has selected the operating mode for the next hour, the 214 corresponding low-level HMPC controller is then activated (Figure 2 ). The objective of each 215 low-level HMPC controller is to optimise the selected operating mode for the time period of 216 concern, considering the range of the fan speeds that can be utilized for the PVT and PCM 217 storage, for example. The low-level HMPC computes the optimal solution with a control step 218 of 5 minutes and a prediction horizon of 1 hour. Once the optimal sequence of control actions 219 has been computed, the first set of the actions is then sent to the JACE controller and applied 220 to control the operation of the HVAC system (Figure 2) . 221
Measurement Instrumentation 222
The weather conditions, including ambient temperature, solar radiation, and wind speed and 223 direction, were monitored using a Davis Vantage Pro II Weather station and integrated 224 through an RS232 connection to the C-Bus and JACE control units. Air flow rate was 225 monitored using Siemens QVM62.1 air velocity sensors, located at one-third of the duct 226 diameter from the duct centreline. These sensors had a stated accuracy of ±0.2 m/s + 3% of 227 the measured values. The temperatures in the ductwork were measured using Clipsal C-Bus 228 Digital Temperature Sensor Units 5104DTSI with a stated accuracy of ±0.5°C in the 229 temperature range of -10-80°C. 230
Building Modelling and System Identification 231
The HMPC control strategy is developed based on a grey-box state-space model. The model, 232 based on an R-C analogy, was developed in a similar manner to identifiable models available 233 in the literature [13] . The parameters of this model were estimated using the datasets of the 234 system in its various configurations, forcing the building with intermittent heating or cooling, 235 and using the average temperature (from five temperature sensors) of the building as the 236 thermal response. The building was therefore treated as a single thermal zone. The estimation 237 of the building parameters was performed using a nonlinear least-square fitting method. 238 The parameters subject to identification are the equivalent half wall resistance R w , the 249 infiltration equivalent resistance with the windows closed R v , the infiltration equivalent 250
resistance with windows open R vo , the equivalent internal capacitance C i , the equivalent wall 251 capacitance C w , the equivalent windows area A w, and the equivalent external wall area A e . 252
The system dynamics are described by the state-space equations of the R-C model illustrated 253 in Figure 3 . 254
Identification of the House Parameters 255
The model parameters, which represent the physical characteristics of the building, were 256 identified using a number of datasets obtained from the real operation of the building, where 257 the indoor temperature was forced to intermittently use the PVT system or the heat pump 258
system. When the PVT system is active, the heating introduced to the building is calculated 259 as 260
When the heat pump system is active, the heating or cooling input of the heat pump, which is 262 not directly measurable in the house setup, is considered to be proportional to the electrical 263 consumption of the air conditioning unit (Φ c,el ), following the relationship 264
In this study, a constant COP was considered to simplify the control problem, as the main 266 objective of the controller is to optimise the operation of the whole system. 267
Three input datasets were used for this identification, including the data with intermittent 268 heating of the building with the heat pump, intermittent heating with the PVT system and 269 cooling with the heat pump. An example is presented in Figure 4a 8  12  16  20  24  28  32  36  40  44  48  52  56  60  64  68  72  76  80  84  88  92  96  100  104  108  112  116  120  124  128  132  136  140  144  148  152  156 Table 1 . 283 The comparison between the measured response and the predicted response of the identified 286 system under the three operation conditions is shown in Figure 4b . 287
The goodness of fit between the measured and the predicted outputs, widely used metric, 288 defined in the Matlab System Identification Toolbox and [33], was 48.38, 54.15 and 57.48% 289 for the three different operation conditions, respectively. 290
The procedure was repeated for the natural ventilation mode to identify infiltration equivalent 291 resistance with the windows open R vo . To quantify this parameter, a test was conducted 292 where the operable windows were kept fully open for a week, leaving the house free-running. 293
The boundaries for the parameter R vo were the same as for R v in the identification with the 294 windows closed. The identified infiltration equivalent resistance was 3.28, which is less than 295 half of the infiltration resistance with the windows closed. 296
The goodness of fit between the both sets of the data was 47.09%. The results of these 297 identifications can therefore be considered acceptable [11] , considering that natural 298 ventilation was also included, the limitations of the model (e.g. no influence of wind speed 299 and direction on R vo ), the fact that multiple sources of thermal energy were used, the 300 relatively limited inputs available from the measurements available to the building model, 301 and the uncertainty associated with the experimental tests. While the statistical goodness of 302 fit of the identified model in the open loop is around 50%, due to measurement noise and 303 disturbances, it is evident from Figure 4b that the model captures the dominant system 304 dynamics, which is acceptable for control purposes. This observation is further supported by 305 the closed-loop performance of the system, presented in Sections 6.1 and 6.2. 306
Modelling of Solar-PVT Assisted HVAC System 307

PVT System and PVT Direct Supply 308
The PVT collector studied in this paper consists of a number of thin-film PV panels mounted 309 on a steel sheet flashing that is fixed onto the top of an existing sheet metal roof profile. This 310 system creates a cavity underneath the steel flashing through which the air exchanges heat 311 with the PVT panels. 312
To describe the heat transfer in the PVT, a steady-state model was employed to derive an 313 analytical solution to determine the PVT output [29] . The calculated outlet temperature of the 314 PVT is then used to calculate the heating that the PVT system can supply to the building 315 using Eq. (1). 316
PCM Thermal Storage unit and PCM Discharging 317
The PCM thermal storage unit in the Solar Decathlon house was designed to exchange the 318 heat between the PCM and the air. It consists of PlusIce PCM bricks [34] , which were placed 319 vertically and spaced to create the channels for the air to flow through. The phase change 320 temperature of the material used is 22˚C. The relationship used to describe the heat exchange 321 in this PCM unit was presented in Ref. [29] . 322
The heating that the PCM storage unit can supply to the building is determined by the 323 equation 324 The equivalent capacitances of the PCM were 0.40, 5.10 and 0.57kWh/°C for the solid range, 334 the phase change range and the liquid range, respectively. 335
The curve used for the implementation in the HMPC system is represented in Figure 5 . 336
PCM Charging with PVT 337
In the PCM charging with PVT, the total heat stored in the PCM unit can be determined by 338 the equation 339 
Energy Consumption of the System Components 341
The energy consumption of the system components in each operating mode is needed to 342 compute the optimal solution of the controller to allocate a cost for each energy source. 343
Identification of the electrical consumption versus the air flow characteristics was the key 344 aspect of the optimisation of the operating modes involving the PVT system or the PCM unit. 345
The fit used was a 3 rd order polynomial of the form 346
where the coefficient is related to the system pressure losses and is calculated for each 348 operating mode. The identification of these curves was presented in [35] . In this study, the 349 consumption-airflow characteristic was considered at the discrete fan speed levels. 350
The energy used by the heat pump is instantaneously measured and represented by , . The 351 energy used in the natural ventilation mode is considered negligible and an infinitesimally 352 small energy cost was associated to its operation. 353
Hybrid Model Predictive Control Development 354
The HVAC system presented in this study can operate in three different conditioning modes 355 and one PVT mode. The switching between these operating modes would indicate a system 356 model with a time-varying structure. The switching is also constrained, since some of these 357 modes cannot operate simultaneously (e.g. PCM Charging and PCM Discharging modes) due 358 to the physical constraints. Furthermore, the relationships between the PVT outlet 359 temperature and the airflow rate are intrinsically nonlinear. 360
The switching and nonlinearity issues described above may be tackled by approaching the 361 MPC problem formulation as an HMPC problem. HMPC can deal with both continuous and 362 discrete dynamics, seeking optimal solutions by solving a mixed-integer programming 363 problem. In particular, it is possible to describe this problem as a Mixed Logical Dynamical 364 (MLD) system, in which the logic, dynamics and constraints are integrated as described in 365 [27, 28] . 366
Taking into account the future samples of the reference vector and measured disturbance, the 367 prediction model has to be augmented with an additional linear model and treat the vector of 368 the future references and measured disturbances as the additional states [36] . 369
Writing the problem as an MLD system with the discrete fan speeds removes the difficulty of 370 the aforementioned problems. Indeed, this results in a number of linear systems that can be 371 activated by appropriate Boolean variables. For each of these linear systems, the cost is fixed 372 at the energy used by the fan with the selected discrete speed step with the addition of the 373 consumption of the heat pump. 374
Given the number of Boolean variables and the requirement to compute the solution in a 375 relatively short time period (e.g. 5 minutes), the controller was divided into two levels: a 376 high-level controller that selects the operating mode every hour, and three low-level 377 controllers that optimize the operation of each operating mode every five minutes. 378
Each controller will have to minimise a cost function of the form 379
The values and the parameters included in the cost function vary from controller to controller. 382
For this study, the infinity norm was used, with p = ∞. 383
High-Level Controller 384
The main purpose of the high-level controller (Figure 6 ) is to determine the system operating 385 mode under a given working condition. To maintain the problem relatively simple and 386 minimise the number of Boolean optimisation variables, each mode was considered to 387 operate at its nominal conditions (e.g. the fan speed for PVT Direct Supply and PCM 388
Charging mode is considered to be at 80% of the VSD range, corresponding to a flow rate of 389 approximately 300 L/s). 390 
392
The states of the high-level controller, the measured disturbances and the controlled variables 393 are summarised in Table 2 . The resistances R m1j and R m2j represent the delivered heating and 394 cooling to the building using the nominal air mass flow rates in PVT Direct Supply and PCM 395
Discharging modes, respectively. R ex,j represents the heat exchange rate of the PCM unit at 396 the nominal air flow rate. The equivalent PCM capacitance C pcm at each time step k is defined 397 as 398 Once the high-level controller has selected the operating mode for the next hour, one of the 400 low-level controllers will be activated. The objective of this controller is to track the 401 reference temperature given by the high-level controller, using the next computed state of the 402 average indoor temperature T i . The states of the low-level controllers, the measured 403 disturbances and the controlled variables are also summarised in Table 2 . 404 
423
The PVT system can provide the thermal energy independently or can operate in conjunction 424 with the heat pump (PVT Direct mode and PVT pre-heating/pre-cooling the air for the AHU). 425
The heat pump can also operate without the PVT (Normal Conditioning mode). 426
The resistances R m11, R m12, R m1n represent the heating/cooling delivery to the building using 427 the various air mass flow rates. 
443
The resistances R ex1, R ex2, R exn represent the heat exchange rate into the PCM unit 444 corresponding to the various air flow rates and R m21, R m22, R m2n represent the heating and 445 cooling delivery to the building using the various air mass flow rates. Among the various approaches presented in [37] , the Deterministic-Stochastic method was 481 adopted to predict both external dry-bulb temperature and solar radiation. 482
Experimental and Simulation Results 483
The experiments were conducted using the Illawarra Flame house at Innovation Campus, 484
Wollongong, in March and April 2015. The two tests were carried out using the HMPC 485 strategy presented in this paper, mainly in cooling dominated periods. In the first test, only 486 mechanical ventilation was used, while in the second one natural ventilation was also 487 included. Tests were also conducted during the heating dominated periods, but the results are 488 not presented in order to avoid a lengthy paper. Difficulties in implementing the target R=3.0 489 insulation to the PCM storage unit could not be fully achieved, and therefore affected the 490 PCM heat loss. The HMPC strategy successfully controlled the system, despite the issues 491 with the real system. 492
The tests were performed using a variable comfort band, which was considered as a variable 493 soft constraint for the average indoor temperature, where the upper boundary and the 494 lower boundary for the cooling and heating are defined as 495
497
Once the tests were completed, the same weather data was then used in a simulated 498 environment in which the models of the building and equipment were the same as those 499 previously presented. 500
The simulated controller has to deal with the same mismatch in the weather prediction, but 501 there is no mismatch between the model used in the HMPC controller and the controlled 502 system. 503
Cooling Test -Mechanical Ventilation Only 504
This test was conducted between 6 th and 11 th of March 2015. To stay within the defined 505 comfort band, cooling was mostly required. The experimental and simulated indoor 506 temperature profiles, outdoor temperature, global horizontal radiation and the objective 507 temperature range are presented in Figure 10 . In this test the daytime comfort band ended at 508 5pm instead of 6pm. One can notice that both the simulated and experimental controllers led 509 to the similar indoor temperature profiles, where it is noticeable the attempt to pre-cool the 510 building at the end of the night, and drift as much as possible inside the comfort band. The 511 reason behind this choice of the HMPC controller is that the most efficient cooling generation 512 came from the Direct PVT supply mode, especially at the end of each night, when the 513 temperature difference between the indoor and outdoor was greater. When the pre-cooling provided by the PVT was not sufficient, the discharging of the PCM 518 unit and the normal air conditioner were compensating to keep the temperature inside the 519 comfort band. The profile of the activation of the various operating modes coinciding with 520 the activation of the three low-level controllers is presented in Figure 11 . In this case it is 521 noticeable that both controllers tried to achieve their objectives with a similar sequence of the 522 selected operating modes with night time PVT Direct pre-cooling followed by a combination 523 
527
During the experimental test, the HVAC system provided a total of 45.2 kWh of cooling to 528 the building, among which 14.9 kWh was from the PVT Direct Supply, 4.7 kWh was from 529 the PCM Discharging and 25.6 kWh was from the use of the air conditioning unit. The 530 average COP of the PVT system over the whole test, defined as the cooling provided divided 531 by the electrical energy used by the fan, was 5.04, and the average COP of the PCM 532 Discharging was 4.48. In both cases, the controller can maintain the performance above the 533 reference COP of the air conditioning system, identified to be 2.1 on average. 534
The simulated test generated the similar results, with a total of 41.2 kWh of cooling provided 535 to the building, among which the cooling provided the PVT, PCM unit and the air 536 conditioning unit was 13.9, 4.7 and 22.6 kWh, respectively. The COP of the PVT system and 537 the PCM unit discharging was 4.59 and 4.55 respectively, higher than the reference COP. 538
The instantaneous experimental and simulated cooling generation and COP of the various 539 operating modes are presented in Figure 12 . 
547
The overall performance of the experimental and simulated tests are also summarised in 548 to the case where only the HVAC system was used, the Low-level Controller 3 was more 567 frequently used, since it is associated to both normal conditioning and natural ventilation 568 modes. The possibility to cool the building using natural ventilation was preferred by the 569 controller, since the cost associated to this mode is negligible compared to the other cooling 570 means. This behaviour of the controller can be observed in Figure 14 noting that mostly used 571 mode was Normal Conditioning and Natural Ventilation, by both the simulated and 572 experimental controllers. During this test PCM Discharging mode was only utilised at the end 573 of the second day (hours from 24 to 27) and during the third day (hours from 43 to 50). The 574 small difference between experimental and simulated operation is mostly due to a mismatch 575 between the model and the real system, and the need to correct the trajectory to keep the 576 temperature in the comfort band. The simulated controller activated the PVT direct supply for 577 a small portion of time at the end of the second night, whereas the experimental one used 578 natural ventilation, achieving a similar result in terms of remaining in the comfort band. It 579 can also be noted that this difference in operation is minimal if the results in Figure 15 
584
During the experimental test the HVAC system provided a total of 12.9 kWh of cooling to 585 the building, among which 4.9 kWh was provided by discharging the PCM unit (at an 586 average COP of 7.1) and 8.0 kWh was supplied by using the air conditioning unit. Direct 587 PVT mode was not used in the test. The natural ventilation mode kept the operable windows 588 open for a total of 76 five minute control steps (i.e. 6 hours and 20 minutes) over the whole 589 test (i.e. 50 hours and 30 minutes). 590
In the simulated test, the HVAC system provided 11.9 kWh of cooling, among which 0.2 591 kWh was from Direct PVT mode (at an average COP of 3.1), 3.2 kWh was supplied by 592 discharging the PCM unit (at an average COP of 5.5), and 8.5 kWh was provided by using 593 the air conditioning unit. During this simulated test, the Natural Ventilation mode was active 594 for 99 five minute control steps (8 hours and 15 minutes).The instantaneous experimental and 595 simulated cooling generation and COP under the various operating modes are presented in 596 Figure 15 . 597
In this case, the experimental and simulated test resulted in a similar pattern in the utilisation 598 of the various resources. Natural Ventilation mode was often used during the night and 599 
607
The summary of the performance of the system in the experimental and simulated tests is 608 presented in Table 4 . 
Conclusions 613
This paper proposed a Hybrid Model Predictive Control (HMPC) strategy to manage a solar-614 assisted HVAC system, retrofitted to a residential building. The system features a 615
Photovoltaic-Thermal (PVT) system and a phase change material (PCM) active storage unit, 616 integrated with a standard ducted air conditioning system. Comprehensive experimental 617 control infrastructure was designed, installed and commissioned in the Illawarra Flame 618 house, allowing the implementation of virtually any typology of control strategies to the 619 house system. An HMPC strategy with two levels of control was designed, implemented and 620 its operation demonstrated through both simulations and experiments. To understand the 621 effect of the mismatch between the models and the real system, the controller was simulated 622 using an identical model for both the controller and the system while introducing the same 623 error in the weather forecast. 624
The HMPC strategy shows an anticipative behaviour that could be noticed in the cooling 625 scenarios presented in this paper, where the HMPC pre-cooled the building utilising the fact 626 that bringing fresh air further cooled by the PVT system can lower the temperature of the 627 indoor air and building fabric more efficiently than the heat pump. The HMPC strategy also 628 demonstrated the value of using natural ventilation in both the experimental tests and 629 simulated environment, by giving priority to window opening for cooling purposes whenever 630 available. 631
The controller was able to keep the indoor temperature within the prescribed range, utilising 632 the PVT and PCM storage to generate cooling at a higher COP than the reference standard air 633 conditioner. The winter experiments highlighted the fact that appropriate insulation of an 634 active PCM unit is crucial. Excessive heat losses prevented the system operated with efficient 635 charging and discharging cycles. 636
Overall, the HMPC strategy demonstrated to be capable of effectively utilising the 637 knowledge of the system future dynamics allowing it to manage well the available resources 638 to maximise the efficiency of the system. The results presented in this paper show that the 639 methodology proposed is implementable and promising. An important advantage of MPC 640 techniques is that they enable the use of real-time measurements and forecasts to optimise the 641 system performance when confronted with changing conditions and disturbances, which is 642 particularly important when solar-driven generation is implemented on site and is only 643 available at certain times of the day. 644
